xcessive application and unreasonable management of nitrogen (N) in intensive agriculture have led to nitrate pollution of groundwater and surface waters in many regions around the world (Diez et al., 1997; Zhu and Chen, 2002; Gheysari et al., 2009) . Improved management of water and N are urgently needed for high crop yield with minimal water quality deterioration. Drip irrigation has been recognized as a widely accepted efficient irrigation method to improve water and N use efficiency and minimize nitrate leaching due to its advantages of precise application in amount and at location through the field (Bar-Yosef, 1999) . Nevertheless, the potential risk of nutrient leaching beyond the root zone is still a concern associated with drip irrigation (Gärdenäs et al., 2005; Rajput and Patel, 2006; Doltra and Muñoz, 2010) .
Drip system uniformity is an important parameter in the design, maintenance, and management of drip irrigation systems (Barragan et al., 2006) . A more uniform distribution of water and nutrients in the soil and less nitrate leaching would probably be observed with a high level of uniformity. However, the initial installation and maintenance costs of systems are usually high at high uniformity values (Wilde et al., 2009) . Hence, an optimal design and evaluation standard of drip system uniformity is a necessity for the rapid development of drip irrigation. Chinese National Standard SL 103-1995 (China, 1995 suggests a design Christiansen uniformity coefficient (CU) of greater than 80%. ASAE Standard EP405.1 (ASAE, 2003) recommends a design emission uniformity (EU) of 70% to 95% depending on the source (point or line source), crop, emitter spacing, and field slope. During the past several decades, there has been considerable interest in studying the effect of system uniformity on crop yield. Several researchers reported that the effect of system uniformity on crop yield was not as important as expected (Stern and Bresler, 1983; Mateos et al., 1997; Bordovsky and Porter, 2008; Wang et al., 2014a) . The insignificant effect of system uniformity on crop yield was attributed to improvement in the uniformity of water in the soil due to redistribution of water and nutrients in the soil, accumulated irrigation water received, uniform natural precipitation, and the development of the plant roots (Perrens, 1984; Li and Kawano, 1996; Li et al., 2005 ). An encouraging conclusion obtained was that a uniformity lower than the values recommended by current standards may be used. However, it remains unclear whether a drip system uniformity lower than the recommended values produces significant nitrate leaching.
Soil hydraulic properties might be additional factors that affect deep percolation and nitrate leaching in drip-irrigated fields. Cote et al. (2003) reported that leaching most probably occurred in coarse-textured soils under subsurface drip irrigation, and the differences in soil hydraulic properties should be considered when an irrigation and fertigation management strategy was designed. Using the HYDRUS-2D software, Gärdenäs et al. (2005) and Ajdary et al. (2007) simulated the effects on nitrate leaching of fertigation strategies that were defined as the application order of fertilizer solution and fresh water as well as the respective application duration to the total irrigation duration ratios and the soil types. Both studies demonstrated that the effects of soil type on nitrate leaching were more important than fertigation strategy. Nevertheless, the spatial variability of soil properties, which have proved to be a common natural phenomenon in the field (Russo, 1984; Lei et al., 1988) , was not considered in the aforementioned studies. Russo (1984) evaluated the effect of the spatial variability of soil transport properties on salinity management and control in agricultural fields and concluded that the amount of water required for leaching could be reduced by 38% when the soil spatial variability was considered compared with when the field was considered homogeneous. Hu et al. (2005) evaluated the effect of the spatial variability of soil saturated hydraulic conductivity (K s ) on nitrate leaching and found that the risk of nitrate leaching was always obscured when the soil spatial variability was ignored. The abovementioned studies have confirmed the important effect of soil spatial variability on nitrate leaching. Moreover, an additional spatial variability exists for water applied in a drip-irrigated field that is caused by manufacturing variability of the emitters, emitter clogging, and hydraulic loss. It is of great interest to study the interactive effects of soil spatial variability and drip system uniformity on nitrate leaching, which will be helpful for developing water and N management practices.
Direct measurements of simultaneous migration of water and N under drip fertigation at field scale are labor intensive, time consuming, and expensive. Simulation models have thus been adopted widely by researchers to assess the effects of design and management parameters on nitrate leaching (Pang and Letey, 1998) . HYDRUS-2D has been extensively used for evaluating the effects of soil hydraulic properties and drip irrigation management on water and N transport (Šimůnek et al., 2008) . HYDRUS-2D was therefore selected for the present study to simulate nitrate leaching under varying drip system uniformities and soil spatial variabilities.
Sensitivity analysis is an efficient method to evaluate the variation of model output with different sources of input variation (Crosetto and Tarantola, 2001; Saltelli et al., 2005) . A combination of local and global sensitivity analyses is advantageous because the former examines the local derivatives of a model output for a single input factor, which generally deviates by 10% to 20% from a given value, while the latter examines the global response of the model output to input factors varying within their entire domains. The realistic and comprehensive view of the model behavior provided by global sensitivity analysis makes it feasible to identify the relative influence of the varying soil properties on nitrate leaching at field scale. The objective of this study was to investigate the interactive effects of drip irrigation system uniformity and soil spatial variability on nitrate leaching through simulation at field scale using the water and solute transport model HY-DRUS-2D.
MODEL DESCRIPTION
HYDRUS-2D was developed by Šimůnek et al. (2008) to simulate the two-or three-dimensional flow of soil water, heat, solute, and root water and nutrient uptake based on finite-element numerical solutions of flow equations. In this study, HYDRUS-2D was applied for the simulation of deep percolation and nitrate leaching under varying drip system uniformities and soil spatial variabilities. The domain geometry used to characterize a typical maize field in which two rows of maize (with a row spacing of 50 cm) are irrigated with one dripline is illustrated in figure 1. The domain geometry was defined as 150 cm deep and 50 cm wide with a dripline in the upper left corner and a maize plant in the middle of the domain surface ( fig. 1 ). The dripline was considered a line source because a relatively small emitter spacing (40 cm) along the dripline was assumed. The movement of water and N was thus simulated in a two-dimensional vertical plane, as performed by Skaggs et al. (2004) . The water and N transport in the domain were simulated during a typical irrigation quota for maize that was set as 25 mm based on field experiments conducted in the North China Plain in 2011 and 2012 (Wang et al., 2014a) . The discharge rate of the nonpressure-compensating drip emitter was set equal to 1.65 L h -1
. In the present study, NO 3 -N was selected as the N source and applied at a rate of 37.5 kg ha -1 , which approximated the conventional N usage for a typical fertigation event of maize (Wang et al., 2014a) . For properly designed and managed drip irrigation systems, water percolation and nitrate leaching most likely occurred immediately following the cease of an irrigation or fertigation event even if no rainfall occurred (Lamm et al., 2007; Wang et al., 2014c) . A simulation duration of four days (96 h), which was considered to cover possible deep percolation for a typical irrigation event (Wang et al., 2014c) , was therefore selected in this study. The HYDRUS-2D simulations were carried out on an hourly basis for the typical irrigation event.
WATER FLOW AND SOLUTE TRANSPORT EQUATIONS
The modified form of the Richards equation was used to describe the two-dimensional soil water movement in the model as follows (Šimůnek et al., 2011) :
where θ is the volumetric water content (L ). The van Genuchten-Mualem model of soil hydraulic properties (Mualem, 1976; van Genuchten, 1980) was selected in the numerical simulations: ), n, and m (both dimensionless) are empirical shape parameters where m = 1 − (1/n). The root water uptake sink term, S (x, z, h) , was determined by the Feddes et al. (1978) 
where α(x, z, h) is the soil water stress response function (dimensionless) that prescribes the reduction in water uptake due to drought stress, b(x 1 , z 1 ) is the normalized root water uptake distribution (L -2 ), W is the width of the soil surface associated with the atmospheric boundary (L), and T p is the potential transpiration rate (L T -1 ). The α(x, z, h) was obtained from the HYDRUS-2D database for maize (Šimůnek et al., 2011) . As most of the maize root is concentrated in 0-60 cm layer of the soil (Zhou et al., 2008; Gheysari et al. 2009 ), the depth of the root zone was set as 70 cm in this study. The b(x 1 , z 1 ) was prescribed using a root distribution function proposed by Vrugt et al. (2001) :
where x 1m is the maximum rooting length in the horizontal direction, set equal to 25 cm with an assumption that the roots are distributed in the width of the domain; z 1m is the maximum rooting depth in the vertical direction, being equal to the depth of the root zone (70 cm); and x 1 * and z 1 * are parameters that describe the location of maximum water uptake occurring in the horizontal and vertical directions, set equal to 0 and 10 cm, respectively, according to the root distribution (Zhou et al., 2008) . The p x and p z terms are empirical parameters that describe nonsymmetrical root geometries in the horizontal and vertical directions; both were set to 1.0 (Vrugt et al., 2001 ) to represent a symmetrical root geometry in this study. The variation of b(x 1 , z 1 ) in the simulation domain is illustrated in figure 1 .
The modified advection-dispersion form is used to describe the two-dimensional transport of NO 3 -N in HY-DRUS-2D (Šimůnek et al., 2011) :
where c is the ). In this study, the mineralization, microbial immobilization, and denitrification of N during a typical irrigation event were ignored because of the relatively short period. The S c was thus calculated by:
where c s is the NO 3 -N concentration taken up by plant roots (M L S(x, z, h ) is the root water uptake (T -1 ). The so-
) were determined according to the values reported in the literature (Gärdenäs et al., 2005; Ajdary et al., 2007) . In the present study, D L , D T , and D W were set equal to 20 cm, 2 cm (one-tenth of D L ), and 0.06 cm 2 h -1 , respectively.
INITIAL AND BOUNDARY CONDITIONS
The initial water and NO 3 -N contents in different soil layers within the flow domain were assumed to be uniform in the horizontal direction. In the vertical direction, the initial soil water content was assumed to increase linearly with depth, while the initial NO 3 -N content was assumed to decrease linearly with depth. The initial soil water and NO 3 -N contents in the simulated domain were defined as: ) at the surface layer (z = 150 cm), respectively; and k 1 and k 2 are the gradients of soil water content and NO 3 -N concentration along the vertical direction, respectively, which were set equal to 0.0002 and -0.0002 in the present study according to the results of a field test (Wang et al., 2014b) .
To account for the emitter discharge during irrigation, a constant width of the saturation zone, which was determined as 20 cm according to field observations (Wang et al., 2014b) , was prescribed as the entrance of water and solute during an irrigation event. The constant flux (σ(t), cm h −1 ) in the saturation zone (W) during an irrigation event was defined as:
where
), and L e is the emitter spacing along the dripline (L). During the non-irrigated period, the saturation surface zone was treated as atmospheric condition.
The potential evapotranspiration rate ET p (L T ):
where η is the fixed light extinction coefficient that was equal to 0.65 for maize according to Allen et al. (1964) , and
). For a typical irrigation at the filling stage of maize, ET p and LAI were set equal to 0.0166 cm h , respectively, according to field measurements (Wang et al., 2014a) .
The bottom boundary was considered a free drainage boundary, while the water table was assumed to be far below the simulation domain. No flux boundary was considered through the vertical sides of the domain.
SENSITIVITY ANALYSIS AND SIMULATION APPROACHES LOCAL SENSITIVITY ANALYSIS
Local sensitivity analysis is the most frequently used sensitivity analysis method for quantifying the importance of an input parameter, as it can indicate how fast the output increases or decreases locally around given values of the parameter (Saltelli et al., 2005) . In the present study, a local sensitivity analysis was conducted to investigate the effect of an individual soil parameter on deep percolation and NO 3 -N leaching. Local sensitivity analysis is based on the local derivatives of a model output with respect to a single input factor (Crosetto and Tarantola, 2001 ). The relative deviation R (%) was used to illustrate the relative importance of the model parameters:
where O is the output of the model simulation; F 1 , F 2 , F k , and F m are the input variables; and ΔF k and ΔO are the absolute variations of the F k input and the output, respectively. In this study, the soil hydraulic properties (θ r , θ s , α, n, and K s ), the initial soil water content (θ 0 ), and the NO 3 -N concentration of the solute (c 0 ) were selected in the local sensitivity analysis. A typical silt loam soil with 12.5% clay, 62.5% silt, and 25% sand (Shirazi and Boersma, 1984) was used, and the bulk density of the soil was assumed to be 1.4 g cm -3
. The soil hydraulic properties (θ r , θ s , α, n, and K s ) were then estimated by the Rosetta program (Schaap et al., 2001 ). The value of θ 0 was set equal to 0.21 cm 3 cm -3 , and c 0 was set equal to 0.12 mg cm -3 (Li et al., 2008) . During the sensitivity analysis, each parameter was varied by ±5% or ±10% sequentially while the other parameters were held constant. Simulations were conducted using the soil property groups with the constructed soil water and solute transport model. Deep percolation and nitrate leaching below the root zone depth of 70 cm for each simulation was calculated on the basis of the water and N balance results. The relative deviation was then calculated using equation 12.
GLOBAL SENSITIVITY ANALYSIS
Because the effects of parameter uncertainty on model outputs could not be quantified in the local sensitivity analysis (Saltelli et al., 2005) , a global sensitivity analysis was conducted to investigate the effects of varying input parameters and their interactions on nitrate leaching. The extended Fourier amplitude sensitivity test (EFAST), proposed by Saltelli et al. (1999) , has the combined advantages of the Fourier amplitude sensitivity test (FAST) and the Sobol method (Saltelli et al., 2005) . The method was based on the variance of the model. For a given input factor X i , the sensi-tivity index represents its fractional contribution to the variance of the model output due to X i . In order to calculate the sensitivity indices, the total variance V of the model output is apportioned to all the input factors X i as (Saltelli et al., 1999) :
where V i is the variance aroused by the variation of X i , V ij is the joint effect of the pair (X i , X j ) on model output variance, and V ijm is the joint effect of the parameter group (X i , X j , and X m ) on model output variance. The first-order sensitivity index (S i ) and the second-order index (S ij ) can be calculated as:
where S i is the main effect contribution of each input parameter on the output variance, and S ij is the interaction contribution of (X i , X j ) on the output variance. The total effect sensitivity index of X i (S Ti ) was then calculated as (Saltelli et al., 1999) :
Estimation of the pair (S i , S Ti ) is important to appreciate the difference between the impact of factor X i alone on the model output and the overall impact of X i through interactions with the other factors on the model output.
A soil having medium spatial variability of particle size components was selected in the global sensitivity analysis. To obtain a realistic group of soil hydraulic properties (θ r , θ s , α, n, and K s ), the statistical characteristics of the clay and sand fractions and soil bulk density were first determined according to the literature (table 1) (Lei et al., 1988; Jury and Horton, 2004; Wang, 2014) , and then 1000 groups of soil particle size distributions (fractions of clay, silt, and sand) and bulk densities were generated by the Monte Carlo method (Pei and Wang, 1998) with the assumption that the distribution of the clay and sand fractions and soil bulk density could be represented by normal distribution functions (Li et al., 2008) . Similarly, the soil hydraulic properties (θ r , θ s , α, n, and K s ) were estimated with the Rosetta program (Schaap et al., 2001) and are presented in table 2. The Kolomogorov-Smirnov test (SPSS, 2007) showed that the distributions of the parameters listed in the table 2 could be represented by a normal or log-normal distribution. Initial soil water contents and NO 3 -N concentrations similar to those of the local sensitivity analysis were used. Different coefficients of variation (CV) of θ 0 and c 0 were set, as the CV of NO 3 -N was generally much larger than that of water content (table 2) (Jury and Horton, 2004; Li et al., 2008) .
A total of 791 groups of soil properties, including θ r , θ s , α, n, K s , θ 0 , and c 0 , were generated using the EFAST method (Saltelli et al., 2005) with the statistical characteristics listed in table 2, and then 791 simulations using the generated soil properties were conducted with a Matlab program (ver. 7.0.0, MathWorks, Inc., Natick, Mass.) for calling the HYDRUS-2D model. The deep percolation and nitrate leaching for each simulation was also calculated using Matlab programs. Finally, the first-order and total effect sensitivity indexes of X i were determined using the EFAST method (Saltelli et al., 2005) .
CONSIDERATION OF DRIP SYSTEM UNIFORMITY AND SOIL SPATIAL VARIABILITY
After quantification of the relative importance of parameters from the sensitivity analyses, simulations were conducted using the constructed model to evaluate the effects of drip system uniformity and the spatial variabilities of the selected soil properties on deep percolation and NO 3 -N leaching. The Christiansen uniformity coefficient (CU; Christiansen, 1941) was used to quantify the uniformity of the emitter discharge rate:
), x is the mean of
), and N is the number of emitters. Five designed CU levels of 50% (CU-50%), 60% (CU-60%), 70% (CU-70%), 80% (CU-80%), and 95% (CU-95%) were considered. For each uniformity value, a field with equal lengths of 30 m driplines (75 emitters in each dripline) was simulated. A similar average emitter discharge rate of 1.65 L h -1 was assumed for the five drip system uniformities to obtain an equal irrigation duration. For simplicity, each dripline was divided into 25 segments, each having three emitters with a similar discharge rate. For each treatment, 25 different average discharge rates for the 25 segments were generated by the Monte Carlo method (Pei and Wang, 1998) with the assumption that the distribution of emitter discharge rates within a unit could be represented by a normal distribution function (Nakayama et al., 1979) . The variation of the average emitter discharge rate for each segment along a dripline used in the simulation for the five uniformities evaluated is illustrated in figure 2 . Because the discharge rates of non-pressure-compensating emitters decreased gradually from the inlet to the end of the dripline, as affected by hydraulic loss and the increasing tendency of emitter clogging with increased distance from the inlet (Lamm et al., 2007) , the exchange of water and solute between adjacent segments was assumed to be negligible. Although CU is generally high for well-designed drip irrigation systems, subsequent emitter clogging during operation will decrease CU (Talozi and Hills, 2001; Lamm et al., 2007) . It is noted that the emitter discharge values in figure 2 might not always reflect a practical variation in emitter discharges along a lateral because the discharges of unclogged emitters might be overestimated, especially when CU = 50%. These patterns were intended to assess the influence of CU on nitrate leaching only.
To address the interaction of drip system uniformity and soil spatial variability on nitrate leaching, simulations were conducted for the five uniformities with a homogeneous field and several other fields with different levels of spatial variability. According to the results of the sensitivity analyses, several parameters with relatively large effects on nitrate leaching were selected to define the field spatial variability. Before the simulation, 25 groups of soil properties were generated by the Monte Carlo method (Pei and Wang, 1998) with the statistical characteristics of the soil properties. The 25 groups of soil properties generated were then assigned to the 25 drip emitter discharge rates along the dripline (fig. 2) . The deep percolation and nitrate leaching for the duration of simulation (96 h) were simulated for each of the 25 segments with different emitter discharge rates and with soil properties varying along the dripline. For each dripline, the deep percolation and nitrate leaching for a given system uniformity were defined as the average values over all 25 simulations. To avoid the random error produced by the generation of the soil properties, the soil properties for each heterogeneous field were generated 100 times. The average deep percolation and NO 3 -N leaching along a dripline were obtained from the 100 simulations to evaluate the effects of soil spatial variability and drip system uniformity. Figure 3 shows the relative deviations of the deep percolation and nitrate leaching rates with the variation of each parameter. The relative deviation of deep percolation caused by c 0 is not shown in the figure because the deep percolation rate never changed with varying initial NO 3 -N concentration. The deep percolation rate was more sensitive to the parameters θ s , n, and θ 0 than to other parameters. The deep percolation rate increased considerably with decreasing θ s and increasing θ 0 . For instance, the deep percolation rate increased by 55% as θ s decreased by 10% from the reference value, while it increased by 51% as θ 0 increased by 10%. This could probably be attributed to the considerable effect of water storage capacity, which was highly dependent on the difference between the saturated water content and the initial soil water content, on deep percolation. The high sensitivity of deep percolation to n suggests that n was another important factor affecting soil water holding capacity in the van Genuchten-Mualem model. The deep percolation rate generally increased linearly with K s at a relatively small gradient of 0.6. Similarly, the weak effect of K s on simulated deep percolation, which could probably be attributed to the relatively short simulation term, was also observed in a sensitivity analysis of drainage to soil characteristics using HYDRUS-1D (Bah et al., 2009) . Weak effects of θ r and α on deep percolation are also shown in figure 3 . Similarly, the impacts of parameters θ s , n, and θ 0 on NO 3 -N leaching were greater than other parameters, while relatively minor effects were imposed by parameters K s , θ r , and α ( fig. 3b ). In addition, the leaching rate was obviously controlled by the initial NO 3 -N content in soil (c 0 ), increasing linearly with it.
RESULTS AND DISCUSSIONS LOCAL SENSITIVITY ANALYSIS

GLOBAL SENSITIVITY ANALYSIS
The first-order (S i ) and total effect (S Ti ) sensitivity indexes for each parameter are illustrated in figure 4. Deep percolation was most susceptible to initial soil water content (θ 0 ) since the S Tθ0 was as high as 0.86. The importance of initial soil moisture on the water cycle in soils was also reported by Merz and Plate (1997) and Sheikh et al. (2010) . The S Tθs and S TKs were 0.37 and 0.12, respectively, indicating that the effects of θ s and K s on deep percolation were relatively less than θ 0 . The parameters θ r , α, and n imposed minor effects on deep percolation, as their total effect indexes were less than 0.1. The results are not fully in accordance with the results of the local sensitivity analysis. A minor impact of n on deep percolation was observed in the global sensitivity analysis, while deep percolation increased considerably with the value of n in the local sensitivity analysis. Compared with the local sensitivity analysis, consideration of the field-scale spatial variability of n (CV = 0.031) in the global sensitivity analysis, which was relatively lower than that of other parameters (table 2), could probably account for the difference between the results of the two sensitivity analysis methods. In contrast, K s imposed a considerable effect on deep percolation and nitrate leaching at field scale, with a CV of 0.55 for K s , while only a slight increase of NO 3 -N leaching rate was observed with increasing K s in the local sensitivity analysis. These results indicate that the relative importance of soil parameters to deep percolation might be related to the degree of parameter variability at field scale.
The total effect sensitivity indexes of the parameters showed that the sensitivity of NO 3 -N leaching to soil parameters was in the order of θ 0 > K s > c 0 > θ s ( fig. 4b ). Small sensitivity indexes were observed for the parameters θ r , α, and n. These results confirm the necessity of considering the spatial variability of soil parameters when hydrological processes are calculated at field scale, which has been reported by several studies (Merz and Plate, 1997; Sheikh et al., 2010) . The total effect sensitivity indexes of all four sensitive parameters except c 0 were generally slightly greater than the first-order sensitivity indexes, indicating limited interactions between parameters on NO 3 -N leaching.
DEEP PERCOLATION AND NITRATE LEACHING ALONG A DRIPLINE
Based on the local and global sensitivity analyses, the four most sensitive soil properties, i.e., saturated water content (θ s ), saturated hydraulic conductivity (K s ), initial soil water content (θ 0 ), and initial NO 3 -N concentration (c 0 ) at the surface layer, were selected to define the field spatial variability of three fields with different levels of spatial variability (S2, S3, and S4). As a control, simulations were also conducted in a homogeneous field (S1). The soil hydraulic properties θ r , θ s , α, n, and K s of the homogeneous field were taken from a silt loam and were set to 0.034 cm , respectively, according to Wang et al. (2014b) . For the three heterogeneous fields (S2, S3, and S4), values of θ r , α, and n similar to the homogeneous field were used. The spatial variability of θ s , K s , θ 0 , and c 0 for the S2, S3, and S4 fields were determined according to measurements at field scale (Lei et al., 1988; Hu et al., 2005; Li et al., 2008; Wang, 2014) . The statistical characteristics of all four soil properties are presented in table 3.
Variations of the simulated deep percolation and NO 3 -N leaching along a dripline under five system uniformities for the fields with different levels of spatial variabilities are illustrated in figure 5 . Both deep percolation and NO 3 -N generally decreased as the distance from the dripline inlet 
increased, being highly dependent on the variation pattern in emitter discharge rates ( fig. 2) . A great emitter discharge rate tended to result in large amounts of deep percolation and NO 3 -N leaching. For instance, the variations in deep percolation and NO 3 -N leaching along a dripline in the homogeneous field (S1) decreased greatly as the uniformity increased from 50% to 95%. The NO 3 -N leaching rate decreased from 14.1 kg ha -1 at the beginning of the dripline to 0 kg ha -1 at the end of the dripline with a range of 14.1 kg ha -1 for a system uniformity of 50% in the homogeneous field (S1), while a considerably small range of 1 kg ha -1 (from 0.7 to 1.7 kg ha -1 ) was observed for the high uniformity of 95%. These results suggest a substantial influence of system uniformity on the variation of deep percolation and NO 3 -N leaching along a dripline. Great consideration should be given to the high deep percolation and NO 3 -N leaching rates at the first half of dripline with extremely low system uniformities (e.g., 50% and 60%) ( fig. 5) .
Obvious increases of deep percolation and NO 3 -N leaching were observed with increasing soil spatial variability for a given system uniformity along the dripline. For instance, the NO 3 -N leaching rates ranged from 0.7 to 1.7 kg ha -1 along the dripline for the high uniformity of 95% in the homogeneous field (S1), while the range expanded to 4.6 kg ha -1 (from 3.4 to 8.0 kg ha -1 ) when the soil spatial variability reached medium level (S4). This indicates that the spatial variability of soil properties would probably aggravate the risk of deep percolation and NO 3 -N leaching. A similar result was reported by Hu et al. (2005) .
Compared with the variation of NO 3 -N leaching rates in the homogeneous field, the effects of system uniformity on deep percolation and NO 3 -N leaching were damped by spatial variability. The decreasing tendency of deep percolation and NO 3 -N leaching along the dripline in the field with medium spatial variability (S4) was not consistent with that in the homogeneous field. Occasional increases of NO 3 -N leaching occurred in several segments of the dripline with decreasing emitter discharge rates ( fig. 5 ). This result probably indicates that the spatial variability of the soil would became a dominant factor affecting deep percolation and Table 3 . Statistical characteristics of the selected soil properties.
[a] h. S4 CU-50% CU-60% CU-70% CU-80% CU-95% NO 3 -N leaching when the spatial variability reached a high level.
DEEP PERCOLATION AND NITRATE LEACHING AT FIELD SCALE
The deep percolation and NO 3 -N leaching rates at a typical irrigation quota for maize under different system uniformities and soil spatial variabilities are summarized in table 4. Kernel density estimation, which is a nonparametric approach to estimate the probability density function of a random variable (Botev et al., 2010) , was conducted using a Matlab program (ver. 7.0.0, MathWorks, Inc., Natick, Mass.) to illustrate the distribution of NO 3 -N leaching rates of the 100 simulations for soils with varying soil properties ( fig. 6 ). For the homogeneous field (S1), the average deep percolation ratios over all the emitters along the dripline were 9.1%, 7.4%, 6.4%, 5.5%, and 4.3% for system uniformities of 50%, 60%, 70%, 80%, and 95%, respectively, and the NO 3 -N leaching ratios were 6.7%, 5.3%, 4.4%, 3.8%, and 2.8%, respectively. Deep percolation and NO 3 -N leaching occurred even in the field with a high system uniformity of 95%. This could probably be attributed to the relatively coarse texture of the soil and the redistribution of the irrigation water and fertilizer at the typical irrigation quota (Gärdenäs et al., 2005) . For a given system uniformity, slight increases in deep percolation and NO 3 -N leaching rates were observed in field S2 compared with the homogeneous field. This indicates that a relatively low spatial variability (CVs of all parameters were 0.05) imposed minor effects on deep percolation and NO 3 -N leaching. However, the effect of spatial variability on deep percolation and NO 3 -N leaching increased considerably with increasing variability. For example, the average deep percolation and NO 3 -N leaching rates over the five system uniformities for fields S3 and S4 were 3.3 and 6.0 kg ha -1 , respectively, being 1.9 and 3.5 times the values for the homogeneous field. Moreover, the probability densities were extremely high around the average NO 3 -N leaching rates in field S2 ( fig. 6a ), while they decreased considerably for fields S3 ( fig. 6b) and S4 (fig. 6c) . This again suggests a considerable effect of soil spatial variability on nitrate leaching.
The NO 3 -N leaching rate in the homogeneous field increased by 90% and 141% as drip system uniformity decreased from 95% (CU-95%, 1.05 kg ha -1 ) to 60% (CU-60%, 2.00 kg ha -1 ) and to 50% (CU-50%, 2.53 kg ha -1 ), respectively (table 4) . However, for a given system uniformity, greater increases of NO 3 -N leaching with spatial variability were found. The leaching rates for a system uniformity of 95% increased by 159% when the soil spatial variability changed from homogeneous (S1, 1.05 kg ha -1 ) to a low spatial variability (S3, 2.72 kg ha -1 ), and a more than fourfold increase was observed when spatial variability reached a medium level (S4, 5.54 kg ha -1
). These results indicate that soil spatial variability might have a more important influence on nitrate leaching than system uniformity. Moreover, the differences among the NO 3 -N leaching rates for different system uniformities decreased with increasing soil spatial variability. For instance, the NO 3 -N leaching rate increased by 90%, 56%, 28%, and 12% as the system uniformity decreased from 95% to 60% for fields S1, S2, S3, and S4, respectively. The NO 3 -N leaching rates (NL, kg ha -1 ) were correlated to drip system uniformity (CU, %) and the summation of the CVs of the four soil parameters θ s , K s , θ 0 , and c 0 (SCV) to quantify the relative importance of the two factors to nitrate leaching, yielding: 
where r 2 is the coefficient of determination, and SE (kg ha -1 ) is the standard error. Equation 18 was statistically significant (F-value = 633.1; p = 1.1E-16). The equation indicates that the nitrate leaching rate decreased with increasing system uniformity, while it increased with the accumulating CVs of the parameters. The significance levels of the coefficients for CU and SCV showed that the summation of the CVs (p = 3.7E-17) had a more important influence on nitrate leaching than the system uniformity (p = 6.2E-8). This result indicates that the effect of system uniformity on NO 3 -N leaching was damped by soil spatial variability. The damped effect of system uniformity was also confirmed as the difference in NO 3 -N leaching rates tended to decrease with increasing soil spatial variability ( fig. 6 ).
The NO 3 -N leaching rate increased slightly when the system uniformity decreased from 95% to 80% in either the homogeneous field (S1, 0.36 kg ha ). Similar increases of NO 3 -N leaching rates were observed when the system uniformity decreased further from 80% to 70% and from 70% to 60%. However, a considerable increase occurred when the system uniformity decreased from 60% to 50%. For instance, increases of 0.53 and 0.47 kg ha -1 were detected for the NO 3 -N leaching rate when the system uniformity decreased from 60% to 50% for fields S1 and S4, respectively. This indicates that the nitrate leaching might increase greatly if the system uniformity decreased further from a relative low level of 60%.
The design and evaluation standards of drip system uniformity were arbitrarily set with a value as high as possible (Barragan et al., 2006) . However, a high drip system uniformity usually represents a high initial installation cost of the system. Moreover, the maintenance of a drip system for a very high uniformity is costly, laborious, and time consuming (Lamm et al., 2007) . The necessity of maintaining a very high system uniformity is becoming questionable, as various experimental studies have demonstrated that system uniformity imposed an insignificant effect on crop yield (Bordovsky and Porter, 2008; Zhang and Li, 2011; Zhao et al., 2012; Wang et al., 2014a) . A previous study conducted by Wang et al. (2014b) suggested that precipitation during the crop growing season should be considered when the standard of drip system uniformity is established, since uniform rainfall could probably compensate for the negative effects of non-uniform water and fertilizer applications on crop yield. Another study concluded that the effect of system uniformity on nitrate leaching was not as important as expected in the North China Plain (Wang et al. 2014c ). The present study indicates that the effect of drip system uniformity on nitrate leaching was damped by soil spatial variability. This study provides another important demonstration of the insignificant effect of system uniformity on nitrate leaching, which was also demonstrated in a field experiment by Wang et al. (2014c) . It is suggested that a drip system uniformity that is lower than the values recommended by the current standards might be used when the potential negative effects of non-uniformly applied water and fertilizer on crop germination and yield could be compensated by the redistribution of water and nutrients in the soil and by uniform rainfall. An extremely low drip uniformity of less than 60% is not recommend due to the considerably increased risk of nitrate leaching.
CONCLUSIONS AND SUMMARY
The effects of drip system uniformity and soil spatial variability on deep percolation and nitrate leaching at a typical irrigation quota for maize were assessed using the water and solute transport model HYDRUS-2D. The following conclusions were drawn from the present study:
• Evaluation of the influence of soil variability on nitrate leaching using a global sensitivity analysis demonstrated that the spatial variabilities of saturated hydraulic conductivity, saturated water content, and initial water and nitrate contents in the soil imposed important effects on nitrate leaching.
• NO 3 -N leaching decreased slightly with increasing CU, while it increased considerably with increasing spatial variability of soil properties. A considerable increase in NO 3 -N leaching rate was observed as the system uniformity decreased from 60% to 50%. Drip irrigation system uniformities as low as 60%, although lower than the current standards, may be acceptable in terms of nitrate leaching but could have potential negative effects on crop germination due to non-uniformly applied water and fertilizer.
